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MaOBJECTIVES The aim of this study was to identify the determinants of plaque structural stress (PSS) and the
relationship between PSS and plaques with rupture.
BACKGROUND Plaque rupture is the most common cause of myocardial infarction, occurring particularly in higher risk
lesions such as ﬁbroatheromas. However, prospective intravascular ultrasound–virtual histology studies indicate
that <10% higher risk plaques cause clinical events over 3 years, indicating that other factors also determine plaque
rupture. Plaque rupture occurs when PSS exceeds its mechanical strength; however, the determinants of PSS and its
association with plaques with proven rupture are not known.
METHODS We analyzed plaque structure and composition in 4,053 virtual histology intravascular ultrasound frames
from 32 ﬁbroatheromas with rupture from the intravascular ultrasound–virtual histology in Vulnerable Atherosclerosis
study and 32 ﬁbroatheromas without rupture on optical coherence tomography from a stable angina cohort.
Mechanical loading in the periluminal region was estimated by calculating maximum principal PSS by ﬁnite element
analysis.
RESULTS PSS increased with increasing lumen area (r ¼ 0.46; p ¼ 0.001), lumen eccentricity (r ¼ 0.32; p ¼ 0.001),
andnecrotic core$10% (r¼0.12; p¼0.001), but reducedwhen dense calciumwas$10% (r¼0.12; p¼0.001). Ruptured
ﬁbroatheromas showed higher PSS (133 kPa [quartiles 1 to 3: 90 to 191 kPa] vs. 104 kPa [quartiles 1 to 3: 75 to 142 kPa];
p¼0.002) and variation in PSS (55 kPa [quartiles 1 to 3: 37 to 75 kPa] vs. 43 kPa [quartiles 1 to 3: 34 to 59 kPa]; p¼ 0.002)
than nonruptured ﬁbroatheromas, with rupture primarily occurring either proximal or immediately adjacent to the minimal
luminal area (87.5%vs. 12.5%; p¼0.001). PSSwas higher in segments proximal to the rupture site (143 kPa [quartiles 1 to 3:
101 to 200 kPa] vs. 120 kPa [quartiles 1 to 3: 78 to 180 kPa]; p ¼ 0.001) versus distal segments, associated with increased
necrotic core (19.1% [quartiles 1 to 3: 11% to 29%] vs. 14.3% [quartiles 1 to 3: 8% to 23%]; p¼0.001) but reduced ﬁbrous/
ﬁbrofatty tissue (63.6% [quartiles 1 to 3: 46% to 78%] vs. 72.7% [quartiles 1 to 3: 54% to 86%]; p¼0.001). PSS>135 kPa
was a good predictor of rupture in higher risk regions.
CONCLUSIONS PSS is determined by plaque composition, plaque architecture, and lumen geometry. PSS and PSS
variability are increased in plaques with rupture, particularly at proximal segments. Incorporating PSS into plaque
assessment may improve identiﬁcation of rupture-prone plaques. (J Am Coll Cardiol Img 2017;10:1472–83)
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1473AB BR E V I A T I O N S
AND ACRONYM S
ACS = acute coronary
syndrome(s)
FA = ﬁbroatheroma
FEA = ﬁnite element analysis
GS = gray-scale
IVUS = intravascular
ultrasound
LAD = left anterior descending
MACE = major adverse
cardiovascular event(s)
MI = myocardial infarction
MLA = minimal luminal area
OCT = optical coherence
tomographyR upture of a coronary plaque is the precipi-tating event in the majority of myocardial in-farctions (MI) (1). Postmortem (2) and in vivo
intravascular studies (3,4) identify ﬁbroatheromas
(FAs), and in particular thin-cap ﬁbroatheromas
(TCFAs), as the most common predisposing lesion.
TCFAs are widespread in human coronary artery dis-
ease, including asymptomatic individuals and those
with stable and unstable syndromes (3). However,
the incidence of major adverse cardiovascular events
(MACEs) associated with TCFAs identiﬁed by intra-
vascular ultrasound–virtual histology (IVUS-VH)
is <10% over w3 years of follow-up (3,4), suggesting
that factors other than plaque and lumen size or pla-
que phenotype are important in determining plaque
rupture.SEE PAGE 1484 PB = plaque burden
PCI = percutaneous coronary
intervention
PSS = plaque structural stress
RCA = right coronary artery
TCFA = thin-cap ﬁbroatheroma
VH = virtual histologyPlaque rupture occurs when intraplaque stress ex-
ceeds the material strength of the overlying ﬁbrous
cap; increased plaque structural stress (PSS) is there-
fore a potential mechanism that determines rupture of
a higher risk lesion. PSS can be calculated through an
engineering technique known as ﬁnite element anal-
ysis (FEA), which approximates a solution to the
equations of mechanical equilibrium by considering
tissue material properties, plaque geometry, and local
hemodynamic forces. Histological and IVUS-VH
studies have identiﬁed necrotic core size, ﬁbrous cap
thickness, and the presence of microcalciﬁcation as
important determinants of PSS (5–7). PSS has also been
shown to be increased in patients presenting with
acute coronary syndromes (ACS) versus stable symp-
toms (8). However, the determinants of PSS and its
relationship to plaques that demonstrate rupture
in vivo in human coronary arteries are not known. We
sought to identify the parameters that determine
PSS and variations in PSS across ruptured and non-
ruptured FAs identiﬁed using IVUS-VH to determine
whether plaque stress is increased in plaques that
have experienced rupture, and whether incorporating
PSS into plaque assessment improves identiﬁcation of
rupture-prone plaques.
METHODS
STUDY DESIGN. All plaques from the VIVA (VH-IVUS
in Vulnerable Atherosclerosis) study with evidence of
rupture (n ¼ 32) on gray-scale (GS) IVUS were
included in the study (3). The presence of rupture was
veriﬁed by the Krakow Cardiovascular Research
Institute core laboratory. To compare ruptured versus
nonruptured plaques, we performed optical coher-
ence tomography (OCT) before IVUS imaging on a
separately recruited cohort of 40 patients with stableangina admitted for elective percutaneous
coronary intervention (PCI) (Ethics Commit-
tee approval ref 11/EE/0277). OCT imaging
ensured that only plaques with no evidence
of rupture or erosion were included in the
nonruptured control group. Because sponta-
neous rupture occurred only in FAs in VIVA,
only IVUS-VH–identiﬁed FAs (VH-FAs) were
included in the nonruptured group, yielding
32 plaques from 32 patients (Figure 1, Online
Appendix).
IVUS-VH AND OCT ANALYSIS. IVUS-VH data
were acquired with 20-MHz Eagle-Eye cathe-
ters (Volcano Corporation, Rancho, Cordova)
using motorized pullback at 0.5 mm/s. OCT
data were acquired with Dragonﬂy C7 cathe-
ters (St. Jude Medical, St. Paul, Minnesota)
using an automated pullback at 20 mm/s.
Plaque classiﬁcation, identiﬁcation of rupture
(Figure 2) and characterization of rupture
location along the plaque length (Online
Figure 1) were performed as previously
described (Online Appendix). IVUS-VH plaque
frames that demonstrated ruptures were not
included in the ﬁnal analysis for ruptured plaques,
unless otherwise stated, because the extreme luminal
eccentricity resulting from rupture at these frames
would make PSS calculations unreliable.
BIOMECHANICAL ANALYSIS. Plaques underwent
dynamic 2-dimensional FEA simulations as previ-
ously described (8) (Online Appendix). Maximum
principal stress was used to indicate the critical me-
chanical conditions within the structure, referred as
PSS. Variation in PSS refers to the difference in PSS
between systole and diastole. A 65-mm layer of
ﬁbrous tissue was introduced during mesh genera-
tion to account for the limited axial resolution of
IVUS-VH to detect a ﬁbrous cap between lumen and
necrotic core/dense calcium. Examples of PSS band
plots with their corresponding IVUS-VH images are
shown in Figure 3. Because PSS varies between
frames, analysis was also performed after dividing
plaques into 2-mm segments and averaging PSS
across the IVUS-VH frames composing each segment.
To estimate PSS at the exact site of rupture, the
luminal boundary of frames demonstrating rupture
was reconﬁgured with necrotic core present beneath
this. PSS derived from these frames was compared
with PSS from frames from the control cohort that
demonstrated rupture after balloon inﬂation (Online
Figure 2).
STATISTICAL ANALYSIS. Data were assessed for
normality using the Shapiro-Wilk test. Normally
FIGURE 1 Schematic Representation of Patient and Plaque Populations
Included in the Study
Ruptured
170 patients from the
VIVA study underwent 3-
vessel IVUS-VH
IVUS-VH frames from
vessels with evidence of
plaque rupture on GS-
IVUS underwent FEA
(n = 3,583 frames)
1,808 IVUS-VH frames
outside actual rupture site
underwent further analysis
(plaque number = 32)
2,245 IVUS-VH frames
underwent further analysis
(plaque number = 32)
Frames outside regions of
interest were excluded from final
analysis (n = 3,324)
IVUS-VH frames from
vessels with VH-FA and
no evidence of rupture
on OCT underwent FEA
(n = 3,794 frames)
40 patients underwent
baseline IVUS-VH and
OCT imaging
Nonruptured
FEA ¼ ﬁnite element analysis; OCT ¼ optical coherence tomography;
VH-FA ¼ virtual histology ﬁbroatheroma; VIVA ¼ VH-IVUS in Vulnerable
Atherosclerosis study.
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1474distributed variables are presented as mean  SD
and compared using unpaired Student t test, and
non-normal outcomes presented as median (quar-
tiles 1 to 3) using Mann-Whitney U tests. Correla-
tions between variables are expressed as Spearman
correlation coefﬁcients for non-normally distributed
data. Generation of regression curves between PSS
and plaque parameters was dependent on the value
of the standard error of the estimate. Multivariable
regression modeling was performed to determine
the independent predictors of PSS with purposeful
selection of covariates in the cohort of IVUS-VH
frames of plaque burden (PB) $70% and necrotic
core >10% because these have been linked with
future events (3,4,9). Variables associated on uni-
variate analysis (p < 0.10) were included in the
multivariable model-building process. Because each
plaque had multiple IVUS-VH slices, a linear mixed-
effects model was used to compare groups using a
random effect for plaque and ﬁxed effects for group
to account for clustering. All calculations were
2-tailed with p < 0.05 considered statistically sig-
niﬁcant. Statistical analyses were performed both inSPSS 19.0.0 (SPSS Inc., IBM Computing, Armonk,
New York) and R 2.10.1 (The R Foundation for Sta-
tistical Computing, Vienna, Austria).
RESULTS
BASELINE PATIENT AND IVUS-VH DEMOGRAPHICS. We
analyzed PSS in patients who had spontaneous pla-
que rupture on GS-IVUS from the VIVA study (n ¼ 25
patients, n ¼ 32 plaques) compared with patients
undergoing elective PCI in which plaque rupture was
excluded by both GS-IVUS and OCT (n ¼ 32 patients,
n ¼ 32 plaques) (Figures 1 and 2). Patient demographics
were similar between the ruptured and nonruptured
groups (Table 1), with no differences in procedural
systolic (129.9  25.1 vs. 123.8  18.9 mm Hg;
p ¼ 0.31) or diastolic blood pressure (66.2  8.5 vs.
65.6  9.3 mm Hg; p ¼ 0.85).
There were no signiﬁcant differences in plaque
classiﬁcation between the 2 groups, with VH-TCFA
being the predominant plaque type accounting for
rupture or undergoing PCI for stable angina (91 vs.
75%; p ¼ 0.14) (Table 2). PB was lower in ruptured
plaques (59.5% vs. 63.5%; p ¼ 0.01), but minimal
luminal area (MLA) and multiple components of
plaque composition (% ﬁbrous/ﬁbrofatty tissue,
necrotic core, dense calcium) were similar. Patient
demographics and plaque composition for the
cohort of patients with only VH-TCFAs also did not
differ signiﬁcantly between the groups (Online
Tables 1 and 2).
DETERMINANTS OF PSS IN VH-DEFINED FIBROATHEROMAS.
We used FEA to estimate both the level and location
of PSS in both ruptured and nonruptured plaques and
the plaque and vessel determinants of PSS. Both
luminal area and luminal eccentricity correlated
positively with PSS (r ¼ 0.46, p ¼ 0.001; r ¼ 0.32,
p ¼ 0.001, respectively), whereas a negative correla-
tion was observed with PB (r ¼ 0.23; p ¼ 0.001)
(Table 3). A positive, albeit weaker, correlation with
PSS was also observed when frames with necrotic
core $10% were considered (r ¼ 0.12; p ¼ 0.001)
(Table 3), indicating that necrotic core affects PSS
only when its contribution exceeds 10%. In contrast,
dense calcium $10% and maximum arc of dense cal-
cium demonstrated weak negative correlations with
PSS (r ¼ 0.12 and 0.13, respectively; both p ¼ 0.001)
(Table 3), suggesting that calciﬁcation may offer a
plaque “shielding” effect when present in signiﬁcant
amounts. Fibrous/ﬁbrofatty tissue was associated
with PSS only when increasingly conﬂuent, with no
correlation seen with % tissue (r ¼ 0.02; p ¼ 0.13)
(Table 3), but a weak negative correlation observed
with maximum arc (r ¼ 0.19; p ¼ 0.001). PSS
FIGURE 2 Identiﬁcation of Plaque Rupture Using Gray-Scale Intravascular Ultrasound and Optical Coherence Tomography
B
D
*
*
C
E
A’ B’ C’
A
*
(A and B) Gray-scale IVUS images of spontaneous plaque rupture (*). (C) OCT image showing evidence of rupture (*). (D) Thin-cap ﬁbroa-
theroma (arrow) as identiﬁed by OCT with no evidence of rupture or erosion. (E) Longitudinal IVUS reconstruction of a coronary artery with
evidence of plaque rupture; proximal (A0); rupture site (B0); and distal (C0) segments. IVUS ¼ intravascular ultrasound; other abbreviation as in
Figure 1.
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1475variability during the cardiac cycle was correlated
with broadly similar parameters to peak PSS (Online
Table 3), although ﬁbrous/ﬁbrofatty tissue (%) was
negatively correlated and maximum arc of dense
calcium was not correlated.Our data show that PSS is determined by a
number of factors, which differ depending on pla-
que type and extent of disease. We therefore un-
dertook regression analysis to assess whether
individual plaque parameters could predict PSS in
FIGURE 3 Illustrative Examples for Stepwise Calculation of Plaque Structural Stress From IVUS-VH Through Finite Element Analysis
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(A and D) IVUS-VH images showing necrotic core (red), dense calcium (white), ﬁbrofatty tissue (light green), and ﬁbrous (green). (B and E)
Reconstructed plaque geometry and segmented plaque components used for ﬁnite element analysis. (C and F) Plaque structural stress
band plots identifying regions with high stress concentration (arrows indicate areas of high stress at the plaque/lumen boundary).
IVUS-VH ¼ intravascular ultrasound-virtual histology.
TABLE 1 Demographics of Patients With Ruptured and Nonruptured Plaques
Ruptured
(n ¼ 25)
Nonruptured
(n ¼ 32) p Value
Age, yrs 61.4  10.4 64.0  10.1 0.46
Male 20.0 (80.0) 29.0 (90.6) 0.25
Diabetes mellitus 2.0 (8.0) 6.0 (18.8) 0.25
Hypertension 9.0 (36.0) 10.0 (31.3) 0.71
Hypercholesterolemia 8.0 (32.0) 6.0 (18.8) 0.25
Smoker 8.0 (32.0) 6.0 (18.8) 0.25
Family history of CAD 14.0 (56.0) 12.0 (37.5) 0.43
Procedural blood pressure
Systolic BP, mm Hg 129.9  25.1 123.8  18.9 0.31
Diastolic BP, mm Hg 66.2  8.5 65.6  9.3 0.85
Total cholesterol, mmol/l 3.57  0.88 3.83  0.97 0.35
LDL cholesterol, mmol/l 2.37  0.84 2.68  0.98 0.25
HDL cholesterol, mmol/l 1.21  0.47 1.15  0.26 0.60
Total cholesterol:HDL ratio 3.34  1.62 3.51  1.47 0.72
Creatinine, mg/dl 85.6  17.5 94.9  22.5 0.11
hsCRP, mg/l 11.6  28.9 5.36  8.8 0.26
Values are mean  SD or n (%).
BP ¼ blood pressure; CAD ¼ coronary artery disease; hsCRP ¼ high-sensitivity C-reactive
protein; HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein; MI ¼ myocardial
infarction.
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plaque eccentricity, PB (Figures 4A to 4C), nor pla-
que composition (Figures 5A to 5F) could individu-
ally determine PSS.
PSS is likely to have the greatest clinical impact
when high stress occurs in a higher risk region. We
therefore used multivariable regression modeling to
identify independent determinants of PSS in higher
risk segments. Luminal area, PB, % necrotic core, %
dense calcium, ﬁbrous/ﬁbrofatty tissue arc, necrotic
core arc, calcium arc, and lumen eccentricity were
all included in the ﬁnal model. A signiﬁcant
regression equation was observed (F [8,677] ¼ 82.1;
p ¼ 0.001), with an R2 of 0.49 (R2adjusted ¼ 0.49).
Luminal area (b ¼ 0.53; p ¼ 0.001), necrotic core arc
(b ¼ 0.10; p ¼ 0.04), and lumen eccentricity
(b ¼ 0.32; p ¼ 0.001) were independent positive
predictors of PSS, and calcium arc (b ¼ 0.12;
p ¼ 0.003) and ﬁbrous/ﬁbrofatty tissue arc
(b ¼ 0.25; p ¼ 0.001) were independent negative
predictors of PSS.
TABLE 2 IVUS-VH Parameters of Ruptured and Nonruptured Plaques
Ruptured
(n ¼ 32)
Nonruptured
(n ¼ 32) p Value
VH-TCFA 29.0 (90.6) 24.0 (75.0) 0.14
Plaque burden 58.2 (6.8) 63.5 (4.8) 0.01
Plaque length, mm 22.4  13.3 26.9  16.5 0.17
Minimal luminal area #4 mm2 30.0 (93.8) 32.0 (100.0) 0.14
Fibrous/ﬁbrofatty 60.8 (54.0–70.0) 67.5 (60.0–75.0) 0.10
Necrotic core, % 18.9 (15.0–27.0) 18.3 (14.0–23.0) 0.46
Dense calcium, % 15.8 (11.0–24.0) 14.1 (7.0–22.0) 0.33
Plaque characteristics at frame level
Fibrous/ﬁbrofatty, % 67.5 (50.0–82.0) 69.1 (50.0–84.0) 0.44
Necrotic core, % 16.5 (9.0–26.0) 15.6 (9.0–26.0) 0.18
Dense calcium, % 11.8 (4.0–24.0) 11.2 (4.0–25.0) 0.58
Maximum arc of ﬁbrous/ﬁbrofatty
tissue, 
137.3 (93.0–205.0) 140.3 (94.0–205.0) 0.24
Maximum arc of necrotic core,  38.5 (25.0–60.0) 37.1 (22.0–57.0) 0.18
Maximum arc of dense calcium,  40.5 (18.0–76.0) 37.1 (18.0–64.0) 0.12
Lumen eccentricity 0.51 (0.4–0.6) 0.5 (0.4–0.6) 0.38
Values are n (%), mean  SD, or median (quartiles 1 to 3).
IVUS-VH ¼ intravascular ultrasound-virtual histology; VH-TCFA ¼ virtual histology thin-cap ﬁbroatheroma.
TABLE 3 Correlation Coefﬁcients Between PSS and
IVUS-VH Parameters
Correlation
Coefﬁcient (r) p Value
Luminal area, mm2 0.46 0.001
Plaque burden, % 0.23 0.001
Lumen eccentricity 0.32 0.001
Necrotic core $10, % 0.12 0.001
Maximum arc of necrotic core,  0.01 0.70
Dense calcium $10, % 0.12 0.001
Maximum arc of dense calcium,  0.13 0.001
Fibrous/ﬁbrofatty tissue, % 0.02 0.13
Maximum arc of ﬁbrous/ﬁbrofatty tissue,  0.19 0.001
PSS ¼ plaque structural stress; other abbreviation as in Table 2.
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indicate that PSS is associated with plaque features
considered to promote rupture, the relationship be-
tween PSS and plaques that demonstrate actual
rupture is unclear. We therefore examined PSS in
plaques with GS-IVUS evidence of rupture compared
with plaques where rupture was excluded on OCT
(Figure 2). Compared with nonruptured FAs,
ruptured FAs showed higher PSS (133 kPa [quartiles
1 to 3: 90 to 191 kPa] vs. 104 kPa [quartiles 1 to 3: 75
to 142 kPa]; p ¼ 0.002) (Online Figure 3A); this was
also seen when either proximal (143 kPa [quartiles
1 to 3: 101 to 200 kPa] vs. 108 kPa [quartiles 1 to 3: 78
to 150 kPa]; p ¼ 0.001) or distal segments (120 kPa
[quartiles 1 to 3: 78 to 180 kPa] vs. 101 kPa [quartiles
1 to 3: 71 to 138 kPa]; p ¼ 0.01) were speciﬁcally
examined (Figure 6A). Similarly, compared with
nonruptured FAs, ruptured FAs showed greater
variation in PSS between systole and diastole (55 kPa
[quartiles 1 to 3: 37 to 75 kPa] vs. 43kPa [quartiles
1 to 3: 34 to 59 kPa]; p ¼ 0.02) (Online Figure 3B);
this was also seen when proximal (57 kPa [quartiles
1 to 3: 38 to 74 kPa] vs. 45 kPa [quartiles 1 to 3: 35 to
60 kPa]; p ¼ 0.04) or distal (54 kPa [quartiles 1 to 3:
34 to 75 kPa] vs. 42 kPa [quartiles 1 to 3: 32 to 57
kPa]; p ¼ 0.01) segments were examined (Figure 6B).
Similar results were obtained when PSS was
averaged across 2-mm segments (Online Figures 4A
to 4C). An analysis focusing only on the 4-mm
segments proximal and distal to the rupture site
(ruptured group) and MLA (nonruptured group) also
found PSS to be higher in plaques that experienced
rupture (127 kPa [quartiles 1 to 3: 84 to 188 kPa] vs.
112 kPa [quartiles 1 to 3: 79 to 152 kPa]; p ¼ 0.03)
(Online Figures 2 and 4D to 4E).
Certain IVUS-VH features have been associated
with a higher MACE risk, notably VH-TCFA,
PB $70%, and MLA #4 mm2, and further increased
by combinations of these features (3,4,9). PSS and
variation in PSS were signiﬁcantly higher in ruptured
versus nonruptured VH-TCFAs (Figures 6C and 6D),
and again this was seen in both proximal and distal
segments. Similarly, both PSS and variation in PSS
were higher in plaques that were VH-TCFAs with
PB $70% (PSS: 137 kPa [quartiles 1 to 3: 95 to 190
kPa] vs. 80 kPa [quartiles 1 to 3: 57 to 113 kPa];
p ¼ 0.001; variation in PSS: 54 kPa [quartiles 1 to 3:
38 to 74 kPa] vs. 37 kPa [quartiles 1 to 3: 28 to 49
kPa]; p ¼ 0.001) (Figures 6E and 6F), but similar be-
tween ruptured and nonruptured VH-TCFAs when
MLA #4 mm2 (PSS: 88 kPa [quartiles 1 to 3: 62 to 134
kPa] vs. 83 kPa [quartiles 1 to 3: 59 to 122 kPa]; p ¼ 0.51;
variation in PSS: 52 kPa [quartiles 1 to 3: 33 to 72 kPa]
vs. 38 kPa [quartiles 1 to 3: 30 to 52 kPa]; p ¼ 0.08)(Figures 6E and 6F). We also performed receiver
operating characteristic curve analysis to assess the
ability of PSS to predict plaque rupture (Figures 7A to
7C). Inclusion of PSS signiﬁcantly improved the
ability of the combination of VH-FA þ PB $70% to
identify plaque rupture (Figure 7C). An optimal PSS
cutoff of 135 kPa was identiﬁed for this cohort,
associated with good sensitivity (72.1%), speciﬁcity
(83.3%), positive predictive (78.3%), and negative
predictive (78.1%) values. Because PSS from
ruptured frames was excluded from these analyses
for reasons previously mentioned, attempts were
made to estimate PSS at the site of rupture. This
necessitated reconﬁguration of the luminal bound-
ary with the rupture cavity now occupied by necrotic
core, which itself separated from the lumen with a
65-mm layer of ﬁbrous tissue. PSS (140 kPa [quartiles
FIGURE 4 Indices of Vessel Geometry and Plaque Structural Stress
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(A to C) Regression curves illustrating best-ﬁt relationships between
PSS and (A) luminal area, (B) luminal eccentricity or (C) plaque burden.
PSS ¼ plaque structural stress.
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14781 to 3: 96 to 199 kPa] vs. 85 kPa [quartiles 1 to 3: 60
to 125 kPa]; p ¼ 0.004) and variation in PSS (76 kPa
[quartiles 1 to 3: 56 to 95 kPa] vs. 47 kPa [quartiles
1 to 3: 37 to 63 kPa]; p ¼ 0.01) from these sites werehigher compared with frames from the nonruptured
cohort that demonstrated rupture only after balloon
inﬂation (Online Figure 4F).
LOCATION OF PLAQUE RUPTURE AND DISTRIBUTION OF
PSS IN RUPTURED PLAQUES. We found that ruptures
were more common in the right coronary artery (RCA)
(59.3%), followed by left anterior descending (LAD)
(40.1%) and left circumﬂex (15.6%) arteries, with 80%
of ruptures occurring in the ﬁrst 33 mm of the artery.
Rupture occurred primarily either in the proximal or
middle (MLA and peri-MLA) plaque segments (87.5%
vs. 12.5%; p ¼ 0.001), in agreement with previously
published data (10).
PSS and variations in PSS differed markedly over
short distances both within the same plaque and be-
tween plaques, irrespective of whether these
ruptured (Online Figure 5). We therefore examined
whether differences in PSS could explain the location
of rupture and whether this reﬂected differences in
plaque composition. Both PSS (143 kPa [quartiles 1 to
3: 101 to 200 kPa] vs. 120k Pa [quartiles 1 to 3: 78 to
180 kPa]; p ¼ 0.001) and variation in PSS (57 kPa
[quartiles 1 to 3: 38 to 74 kPa] vs. 54 kPa [quartiles 1 to
3: 34 to 75 kPa]; p ¼ 0.02) were higher in the segments
proximal to rupture sites (Figures 6A and 6B, Online
Figure 6) versus distal sites. Proximal plaque
segments were composed of less ﬁbrous/ﬁbrofatty
tissue (63.6% [quartiles 1 to 3: 46% to 78%] vs. 72.7%
[quartiles 1 to 3: 54% to 86%]; p ¼ 0.001) but greater
necrotic core (19.1% [quartiles 1 to 3: 11% to 29%] vs.
14.3% [quartiles 1 to 3: 8% to 23%]; p ¼ 0.001) and
dense calcium (13.2% [quartiles 1–3: 6% to 25%] vs.
10.1% [quartiles 1 to 3: 3% to 23%]; p ¼ 0.001) than
distal sites. Necrotic core arc (43 [quartiles 1 to 3: 27
to 66] vs. 34 [quartiles 1 to 3: 21 to 53]; p ¼ 0.001),
calcium arc (47 [quartiles 1 to 3: 23 to 81] vs. 32
[quartiles 1 to 3: 14 to 66]; p ¼ 0.001) and ﬁbrous/
ﬁbrofatty arc (144 [quartiles 1 to 3: 96 to 216] vs. 131
[quartiles 1 to 3: 89 to 191]); p ¼ 0.001) were all also
increased in the proximal segments. PSS in the
LAD/RCA arteries was higher compared with the
left circumﬂex (136 kPa [quartiles 1 to 3: 93 to 195 kPa]
vs. 90 kPa [quartiles 1 to 3: 66 to 130 kPa]; p ¼ 0.01),
with no differences noted in PSS variation between
the 2 vessel groups (54 kPa [quartiles 1 to 3: 36 to
74 kPa] vs. 64 kPa [quartiles 1 to 3: 45 to 80 kPa];
p ¼ 0.18).
DISCUSSION
Plaque rupture is the precipitating event in the
majority of MIs, and is thought to occur at sites of
plaque weakness (1). PSS is a potential trigger of
rupture, with rupture occurring when PSS exceeds
FIGURE 5 Effect of Plaque Components on PSS
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Regression curves illustrating best-ﬁt relationships between PSS and (A) necrotic core (%), (B) maximal arc of necrotic core (), (C) dense
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Abbreviation as in Figure 4.
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1479the mechanical strength of the overlying ﬁbrous
cap. Ex vivo carotid studies have shown that peak
circumferential stress is highest at areas of rupture
(5), which has been conﬁrmed by subsequent
in vivo magnetic resonance imaging studies, despite
the limited capability of magnetic resonance imag-
ing scans to accurately identify plaque components
(11); however, estimation of PSS in human coronaryplaques in vivo is more challenging. Recently, we
demonstrated that PSS estimated from IVUS-VH is
higher in culprit plaques of patients presenting with
ACS than stable symptoms (8); however, patients
with ACS have a variety of plaque substrates and
circumstances that account for their presentation.
The current study examined the relationship
between IVUS-VH–derived PSS and proven plaque
FIGURE 6 PSS and Variation in PSS in VH-FAs With and Without Rupture
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(A and B) PSS and variation in PSS in the proximal and distal segments of VH-FAs with and without plaque rupture. (C and D) PSS and variation
in PSS in the proximal and distal segments of VH-TCFAs with and without PR. (E and F) PSS and variation in PSS in VH-TCFAs with PB $70%
or MLA#4 mm2 with and without PR. MLA ¼minimal luminal area; PR ¼ plaque rupture; VH-TCFA ¼ virtual histology thin-cap ﬁbroatheroma;
other abbreviations as in Figures 1 and 4.
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1480rupture compared with plaques of similar classiﬁ-
cation in which rupture was excluded by OCT.
PSS AND PLAQUE ARCHITECTURE. We ﬁnd that PSS
in coronary FAs is determined by multiple parame-
ters, including plaque size, composition, and
luminal geometry. PSS is increased by luminal area
and eccentricity, but reduced by PB. PSS appears tobe increased when necrotic core is $10%, and
reduced when dense calcium $10%. However, these
relationships are complex, and none of the individ-
ual plaque parameters examined showed strong
correlations or were able to independently deter-
mine PSS, even when considered only in higher risk
regions. The proximal segment of plaques also
FIGURE 7 ROC Curves Illustrating theDiscriminatory Power of PSS to Identify PlaqueRupture
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(A) ROC curve for PSS in VH-FA. (B) ROC curve for PSS in VH-FA þMLA #4 mm2. (C) ROC
curve for PSS in VH-FAþPB$70%. AUC¼ area under the curve; CI¼ conﬁdence interval;
MLA ¼minimal lumen area; PB ¼ plaque burden; ROC ¼ receiver-operating characteristic;
other abbreviation as in Figure 1.
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1481showed differences in composition that increase PSS
compared with distal segments, including increased
% necrotic core and decreased % ﬁbrous/ﬁbrofatty
tissue. The observation that luminal area correlates
positively with PSS indicates that plaques causing
mild or moderate stenosis may be under greater
stress and therefore more prone to rupture
compared with plaques that cause greater lumen
stenosis. This is consistent with serial coronary
angiography studies that demonstrate that vessel
occlusion, largely resulting from plaque rupture,
often occurs at sites with less severe stenosis
(12–14). Collectively, these results suggest that PSS is
inﬂuenced by factors other than overall plaque
composition, such as the spatial relationship be-
tween adjacent components and the lumen, param-
eters that are ignored by current classiﬁcation
systems of plaque vulnerability.
PSS AND PLAQUE RUPTURE. The frequency of pla-
que rupture varies between the main coronary ar-
teries, with LAD and RCA FAs being more prone to
rupture than left circumﬂex FAs, a similar pattern to
coronary artery occlusion leading to ST-segment
elevation MI (15,16). In addition, FAs in the proximal
segments are particularly at risk (15,17). We ﬁnd a
similar pattern with rupture clustering in the RCA and
LAD, and close to the coronary ostia, especially in the
LAD (15,17), similar to postmortem studies (17). We
also ﬁnd that proximal or peri-MLA plaque segments
are more prone to rupture (10), and are sites expected
to have higher PSS because of their larger luminal
area, in accordance with Laplace’s law (s ¼ Pr/h,
where s ¼ circumferential stress, P ¼ intra-arterial
pressure, r ¼ vessel radius, and h ¼ vessel wall
thickness). Plaque segments proximal to the rupture
site also showed higher PSS, and this was associated
with signiﬁcant differences in plaque composition.
More importantly, we demonstrate that both PSS and
variation in PSS are higher in ruptured than non-
ruptured plaques, which was also seen when only VH-
TCFAs or PB $70% were examined. This remained
when PSS was averaged over 2-mm plaque segments
and when only the areas adjacent to rupture were
examined. PSS varies throughout the cardiac cycle,
with highest and lowest values corresponding to
systolic and diastolic pressures. This cyclical
stretching and relaxation may be particularly impor-
tant to induce plaque “fatigue.” In agreement with
this, ruptured FAs demonstrate greater variation in
PSS both across the entire plaque length and in re-
gions close to the site of rupture. This suggests that
rupture occurs in a subset of higher risk plaques
already under high stress, when either a further in-
crease in PSS occurs or large variations in PSS
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: PSS is
determined by plaque composition as well as plaque
and lumen architecture. PSS appears to be important
in determining rupture, as in plaques with similar
classiﬁcation and composition, PSS is higher in those
with rupture. PSS >135 kPa accurately identiﬁes
rupture suggesting that FAs in vivo with levels beyond
this are at particular risk of such events.
TRANSLATIONAL OUTLOOK: Plaque rupture is the
precipitating event in the majority of MIs; however, in
prospective IVUS-VH studies, <10% of high-risk
plaques were responsible for cardiac events over
3 years, suggesting that other factors play a role in this
process. PSS can be estimated from IVUS-VH images,
and isproposedas amechanismthatdetermines rupture
in high-risk regions. Incorporation of PSS into assess-
ment of coronary atherosclerotic plaques may improve
our ability to identify those that cause clinical events.
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1482promote cap fatigue (18), or both. PSS in the vicinity
of 135 kPa appears to be particularly important, a
cutoff that is associated with good positive and
negative predictive values in identifying plaques that
demonstrate rupture. Interestingly, following lumen
reconstruction of frames with rupture, overall PSS
was found to be greater than this cutoff, which also
exceeded that from nonruptured frames that experi-
enced rupture following balloon inﬂation. The ﬁnding
that PSS did not differ between ruptured versus
nonruptured plaques at sites of MLA #4 mm2 is
consistent with results from the ATHEROREMO-IVUS
(European Collaborative Project on Inﬂammation and
Vascular Wall Remodeling in Atherosclerosis – Intra-
vascular Ultrasound) study, in which MLA #4 mm2
did not predict future MACE (9).
STUDY LIMITATIONS. First, although we demon-
strated that ruptured plaques were associated with
higher PSS, we cannot calculate exact PSS levels at
the precise rupture site. Our simulations suggest,
however, that PSS at the site of rupture is likely to
exceed 135 kPa, which also appears to be higher
compared with segments prone to balloon-induced
rupture. Second, because PSS calculations are
dependent on the resolution of IVUS-VH and its
ability to accurately identify plaque components,
PSS derived from IVUS-VH has the same limitations.
Nonetheless, IVUS-VH remains the only intravas-
cular imaging modality with: 1) prospective clinical
data correlating MACE with particular plaque phe-
notypes; 2) automatic component identiﬁcation and
segmentation, thus eliminating an important source
of human error; and 3) sufﬁcient penetration to im-
age the whole plaque, which is important for accu-
rate PSS calculations. Third, our study consists of 2
cohorts that were obtained at different time points.
However, OCT was not performed in the VIVA study,
but was necessary in the unruptured patient popu-
lation to exclude rupture, thereby ensuring that the
nonruptured group truly consisted of intact plaques.
CONCLUSIONS
We demonstrate that IVUS-VH–based PSS is depen-
dent on components of plaque composition and
plaque and lumen architecture that are alsoassociated with plaque vulnerability and rupture,
thereby indirectly linking PSS to plaque rupture.
More importantly, PSS is higher in plaques with
proven rupture, particularly in segments proximal to
the rupture site, which have increased necrotic core.
PSS >135 kPa appears to be a good predictor of
rupture in higher risk regions. Our results suggest
that incorporation of PSS calculations into coronary
plaque assessment may improve our ability to
identify those plaques that proceed to rupture and
clinical events.
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